Molecular dynamics ͑MD͒ simulations have been performed to investigate the shear dynamics of hydration layers of the thickness of D = 0.61-2.44 nm confined between two mica surfaces. Emphases are placed on the external shear response and internal relaxation properties of aqueous films. For D = 0.92-2.44 nm liquid phase, the shear responses are fluidic and similar to those observed in surface force balance experiments ͓U. Raviv and J. Klein, Science 297, 1540 ͑2002͔͒. However, for the bilayer ice ͑D = 0.61 nm͒ ͓Y. S. Leng and P. T. Cummings, J. Chem. Phys. 124, 74711 ͑2006͔͒ significant shear enhancement and shear thinning over a wide range of shear rates in MD regime are observed. The rotational relaxation time of water molecules in this bilayer ice is found to be as high as 0.017 ms ͑10 −5 s͒. Extrapolating the shear rate to the inverse of this longest relaxation time, we obtain a very high shear viscosity for the bilayer ice, which is also observed quite recently for D ഛ 0.6± 0.3 nm hydration layers ͓H. Sakuma et al., Phys. Rev. Lett. 96, 46104 ͑2006͔͒. We further investigate the boundary slip of water molecules and hydrated K + ions and concluded that no-slip boundary condition should hold for aqueous salt solution under extreme confinement between hydrophilic mica surfaces, provided that the confined film is of Newtonian fluid.
I. INTRODUCTION
The structure, dynamics, and shear properties of water hydration layers confined between charged surfaces are of central importance in many research areas, such as colloidal stability in colloid science, clay swelling in geological science, and the emerging nanofluidics in biology and nanotechnology. Aqueous electrolyte solution confined between two molecularly smooth mica surfaces provides a perfect model system to study these properties. The DerjaguinLandau-Verwey-Overbeek ͑DLVO͒ theory 4 of colloidal stability predicts that when two charged surfaces approach each other in low concentration salt solutions, the forces between the surfaces come from a balance of the long-range electrostatic double-layer repulsion and van der Waals attraction. 5 Additional short-range repulsive forces, the hydration forces, were observed by Israelachvili and Adams, 6 and later by Pashley 7, 8 when mica surfaces were immersed in relatively dense electrolytes. These hydration forces prevent mica sheets from complete adhesive contact at very close proximity and present further oscillatory behavior at surface separation D below 2 nm, characterizing molecular layering of water. 9 A fundamental issue concerns the fluidity of hydration layers under nanometer confinement that is well within the hydration force regime. In early surface force apparatus ͑SFA͒ experiments, 10 the viscosity of confined aqueous salt solutions with thickness from D ϳ 160 nm down to D ϳ 2 nm was measured based on the continuum hydrodynamics equations, i.e., by measuring the hydrodynamic drainage forces 11, 12 and assuming that the viscosity is uniform throughout the film thickness D. It was found that the viscosity of hydration films in this range has no significant deviation from the bulk value. Direct measurements of shear forces [13] [14] [15] between mica surfaces in aqueous films have been accomplished with modified SFA ͑Ref. 16͒ that allow for the two surfaces to be sheared past each other, and very low friction coefficient ͑C = 0.015͒ was found even for only one or two water layers ͑D = 0.2-0.5 nm͒ under a wide range of contact pressure. 15 A different SFA experiment using dynamic oscillatory approach to measure the shear viscosity of interfacial water found very high viscosity at one to two water layers thick ͑D Ͻ 0.6 nm͒, 17 but for thicker hydration layers ͑e.g., D = 2 -2.5 nm͒ the issue of high shear enhancement is not yet clearly resolved. 18 Very recently, the surface force balance ͑SFB͒ experiments by Raviv and Klein 1 on the fluidity of hydration layers have been conducted over a broad range of aqueous film thickness ͑from micrometers down to subnanometers͒ and demonstrated that the surface-attached hydration layers are very fluidic even under subnanometer confinement ͑D Ͻ 1.0 nm͒. Highly purified conductivity water under nanometer confinement has also been found to have a viscosity within a factor of 3 of the bulk value before jump into adhesive contact 19 or during the "jump-into" process 19, 20 between mica surfaces. These findings have been further verified by a a͒ Author to whom correspondence should be addressed. Electronic mail: yongsheng.leng@vanderbilt.edu recent thorough investigation using different ways of mica surface preparation. 21 Since SFB has an extremely high resolution in measuring the shear forces due to the sensitivity of its capacitor to detect the lateral shear displacement ͑␦x ϳ 0.2 nm͒, 22 this experimental method can measure very weak shear forces. Quite recently, the high lubricity of hydration layers for D Ͼ 1.0 nm thick films and the two to three orders of magnitude increase in shear response for D Ͻ 1.0 nm hydration layers have been reported in the shear resonance apparatus experiments. 3 These observations are remarkably consistent with most of the experimental results in SFA community. 1, 10, 11, [13] [14] [15] [19] [20] [21] 23 We have performed molecular dynamics ͑MD͒ simulations 24 using a realistic molecular model 25 for waterion-mica system to investigate the shear viscosity of hydration water nanoconfined between mica surfaces. We observed that the fluidity of hydration layers is sustained down to three water layers ͑D = 0.92 nm͒. This fluidity is signified by the occurrence of the Newtonian plateau of viscosity in MD regime, which is closely related to the rotational correlation time of water molecules. 24 Our recent study 2 shows that further increase in confinement leads to the formation of bilayer ice with a film thickness of D = 0.61 nm. The structure of this bilayer ice is quite different from the monolayer ice on single mica surface. 26 The density of the bilayer ice is found to be much less than that of bulk ice ih due to the formation of specific hydrogen bonding network.
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In this paper, we will provide a complete MD study on the shear dynamics of hydration layers ranging from the bilayer ice ͑D = 0.61 nm͒ to comparably thick water film ͑D = 2.44 nm͒. We will explore the origin of the fluidity of hydration layers, and equivalently, the slow-down mechanism of water molecules under subnanometer confinement. These will be probed from both external mechanical shear response and internal relaxation behavior of water molecules. The boundary slips of hydrated ions and bound hydration water under shear will also be investigated in this study.
In Sec. II we describe our MD simulation methodology and the force field used for the water-ion-mica complex. In Sec. III we present detailed MD simulation results and discussions, followed by our conclusions in Sec. IV.
II. METHOD
A. Model and simulation approach Figure 1 shows the mechanical model based on the setup in SFB experiments. 22 The driving stage B ͑the piezoelectric tube in SFB͒ moves at a constant velocity v and pulls the upper mica plate M through a lateral spring k x . The contact load is applied through the normal spring k z by changing the position of the upper driving stage C ͓equivalent to changing the position of the horizontal leaf spring in SFB ͑Ref. 22͔͒. In Fig. 1 the enlarged molecular configuration shows the detailed structure of water-ion-mica complex in the contact A, where the contact gap D is defined as the separation between the two ͑001͒ surface oxygen planes of mica crystals. The mica surface has a mineral structure of 2:1 layered dioctahedral ͑hydroxyl-͒ aluminosilicate with the muscovite formula KAl 2 ͑Al, Si 3 ͒O 10 ͑OH͒ 2 . 27 One mica layer consists of one octahedral aluminum sheet sandwiched by two tetrahedral silicon sheets. Due to the substitution of Si by Al in tetrahedral sheet with a ratio of Al: Si=1:3, mica ͑001͒ surface has a relatively high negative charge density ͑2.1ϫ 10 14 e /cm 2 = 0.336 C / m 2 ͒ which is balanced by potassium ions ͑K + ͒. In Fig. 1 , the upper and lower mica plates are represented by half-layer mica surfaces that adequately describe the short-range molecular interactions between watermica and ion-mica interactions.
The TIP4P ͑Ref. 28͒ rigid water model and a bond constraint algorithm 29 with a time step of 2.0 fs are employed in MD simulations. The two-dimensional ͑2D͒ periodic boundary conditions are applied in the lateral x and y directions with simulation box lengths of 41.53 and 36.06 Å, respectively ͑equivalent to 32 unit cells in each mica surface͒. There are in total 64 K + ions in the simulation box to make the whole molecular system electrically neutral. To precisely calculate the long-range electrostatic interactions for the 2D slab geometry in MD simulation system, the technique of Ewald summation with a boundary correction term 30 is employed. Under shear, the temperature of the molecular system is controlled at 298 K by applying an external bath 31 perpendicular to the shear and normal directions.
To simulate the driven dynamics in MD regime, the mass of the upper mica plate has to be very small. Here we choose M = 2000m, where m is the atomic mass of oxygen atom, i.e., M = 5.3ϫ 10 −20 g, about 21 orders of magnitude less than the dynamic inertia ͑20 g͒ in SFB experiment. 22 The dynamic equations for the upper mica plate, similar to those in atomic force microscopy ͑AFM͒ simulations, 32 are
given by where the force constants k x , k y , and k z are selected to be 300, 300, and 150 N / m, respectively, the same as those in SFB experiment 22 ͑k y is not given in SFB͒. The constants y s and z s represent the fixed positions of the y horizontal ͑not shown in Fig. 1͒ and upper driving stages. The contact pressure between the two mica surfaces is controlled to be at atmospheric pressure ͑0.1 MPa͒ by adjusting the normal position z s of the driving stage C or by directly applying an external normal load in Eq. ͑3͒. This pressure is comparable to the typical mean contact pressure ͑ϳ4 atm͒ in the highcompression regime in SFB experiment. 1 The surface forces W x , W y , and W z are directly calculated according to the upper mica position ͑x , y , z͒ and molecular configuration X͑t͒ of the confinement system at time t. The driving velocity v varies from 0.1 to 600 m / s in MD simulations, corresponding to the shear rates varying from ϳ10 8 to ϳ 10 11 s −1 for different hydration layers D = 0.61-2.44 nm. Finally, the shear force response as measured in SFB experiment 1 is the first term on the right of Eq. ͑1͒, i.e., F s = k x ͑t − x͒.
B. Force field for water-ion-mica complex
Currently we are using the TIP4P water-ion-clay potential developed by Boek et al. 25 and Skipper et al. 33 In this force field the water-water interactions of TIP4P ͑Ref. 28͒ are fully implemented to represent the water-clay interactions due to the very similar short-range interactions of TIP4P water-water and TIP4P water-surface O atoms. 33 The water-K + ion interaction potential follows the Bounds model 34 which includes r −4 term that is related to charge induced dipole interactions. Since the clay surface O atoms are represented by TIP4P water oxygen atoms, the water-K + potential can be directly used in describing K + -clay interactions. 25 The TIP4P water-ion-clay potential looks attractive in the sense that it properly treats the most important electrostatic potential at clay mineral surface 33 and correctly predicts the swelling behavior of many clay minerals. 25, 33, 35 Importantly, the TIP4P water model can give the correct liquid water density at 298 K and 1.0 atm pressure, which correspond to the naturally occurring condition for many biological systems.
We note that recently a general force field, the CLAYFF, 36 has been developed which allows for the dynamics of clay surfaces. The advantage of this force field is that most molecular interactions are treated as nonbonded Lennard-Jones ͑12-6͒ pair potentials. In our future work, we will explore the application of CLAYFF, particularly considering the deformation of mica at large contact load.
III. RESULTS AND DISCUSSION

A. Water O density distribution and K + ion location
The structure of hydration layer confined between mica surfaces has been studied in detail in our recent paper.
2 Here we give more discussion on water O density distribution and K + ion location and compare these with x-ray reflectivity experimental results. 37 Since we are interested in high concentration salt solutions, under nanometer confinements, most of the K + ions will remain on mica surfaces to balance the negative surface charges. Thus, any hydration effects are closely related to the hydration of K + ions. 7, 8 Initially, we put all the 64 K + ions in the central plane between the two mica surfaces. After a sufficiently long MD run, these K + ions eventually migrated to the two mica surfaces with each surface being equally attached by 32 K + ions. We find that these K + ions reside right above the Al substitution tetrahedral, consistent with early investigations of water and K + ions on K-smectite surface, 25 a mica-like clay surface but with a little lower surface charge density. 27 The water oxygen and K + ion density distributions near one mica surface are shown in Fig.  2 for thick hydration layer ͑D = 2.44 nm͒. Clearly, the water O density oscillation is well within 10 Å, beyond which it approaches the bulk density. We see that K + ion has only one single peak that locates between the adsorbed peak and the first hydration peak of water molecules, indicating that K + ions prefer to bind to mica surfaces and are only partially hydrated under nanometer confinement. This result is also consistent with early investigations. 7, 25 In Fig. 2 the water O density distribution from the x-ray reflectivity experiment 37 for pure water on single mica surface is also plotted, which compares remarkably well with the MD result. A similar result is also seen in a Monte Carlo simulation but using different water model. 38 This seems surprising since in the original experiment 37 the K + ions were assumed to be completely exchanged by hydrogen ions ͑which usually exist in the form of H 3 O + ͒ ͑Ref. 7͒ in de-ionized water, and the total electron density measured by x-ray reflectivity in the surfacenormal direction should come mainly from the contributions of water oxygen atoms and possibly those of H 3 O + ions. We attribute this agreement between MD result and x-ray reflectivity experiment ͑yet quite different scenarios of ion adsorption near mica surfaces͒ to that, perhaps, the relocation of K + ions in MD simulations from the ditrigonal cavities in dehydrated state to the Al tetrahedral sites, which allows water molecules to fully occupy these cavities ͑the first adsorbed peak in Fig. 2͒ and leaves the hydrogen bonding between water molecules and surface oxygen atoms intact. This K + ion relocation, however, is not seen in a recent work 39 for the water and K + ion adsorption on single mica surface using CLAYFF force field. 36 It appears that this inconsistency in MD simulations comes from the different charge allocations in the two force fields, particularly the charges on isomorphic substitutions. In CLAYFF, 36 both octahedral and tetrahedral aluminum atoms are assigned the same positive charge ͑+1.575e͒, whereas in TIP4P water-ion-clay model, 25 ,33 the charge associated with the tetrahedral Al simply reflects the negative charge site on mica surface and is only +0.2e ͓the charge on the octahedral Al assumes the unscreened charge, i.e., +3e ͑Ref. 33͔͒, much lower than that in CLAYFF. Recent x-ray reflectivity experiment 40 on the adsorption structure of high concentration salt solutions near single mica surfaces revealed a very high peak of total electron density near solid surface, indicating that cations are attached to the basal surface in the first adsorbed layer.
B. External shear response
Conceptually, the surface forces exerted on the upper mica plate ͓the second term on the right of Eqs. ͑1͒-͑3͔͒ from molecular fluid are measured through the elongation of the lateral spring k x . The shear force measured in SFB experiment corresponds to the first term on the right of Eq. ͑1͒, which is the shear response of the lateral spring k x . The dynamic inertia of the upper mica plate ͑M͒ and the force constant ͑k x ͒ determine the resonant frequency of the measurement system, i.e., f 0 = ͑k x / M͒ 1/2 /2. In our MD system, the resonant frequency is f 0 = 0.38 THz, much higher than that in SFB experiment ͑=19.5 Hz͒. This huge difference is completely due to the small mass used in MD regime. Figure 3 shows prototypical variations of surface force W x , and the shear response F s , at a driving velocity of v =50 m/s for D = 2.44 nm hydration film, corresponding to a shear rate of ␥ =2ϫ 10 10 s −1 . We have shown that even in this high shear rate the confined hydration layer is still a Newtonian fluid. 24 We see that the oscillation of shear response has an intrinsic frequency close to the resonant frequency ͑0.38 THz͒. This oscillation of shear response is quite different from the thermal fluctuation of surface force W x . The average of the shear response F s with respect to the sliding distance of upper mica plate yields the mean friction force used for the subsequent calculation of shear viscosity. The shear response of hydration layers with different thickness can be further explored from the variation of structure factor. Early MD simulations for the shearing of simple Lennard-Jones fluid under confinement found stick-slip motion, involving periodic shear melting ͑slip͒ and recrystallization ͑stick͒ of the film. 41 The structure factor q drops sharply upon shear melting and increases close to ϳ1.0 on recrystallization. For the aqueous hydration layers studied here, we find that ͑see Fig. 5͒ the structure factors for D = 2.44 and 1.65 nm films in the static equilibrium state are quite below 0.1, and D = 0.92 nm film around 0.2. These low structure factors indicate that the films are in liquid phase. Upon shearing ͑which starts at 20 Å in the figure͒, the structure factors vary slightly with a periodicity of mica ͑001͒ ditrigonal cavities ͑5.2 Å͒. In contrast, the structure factor for D = 0.61 nm bilayer ice in the static equilibrium state has a relatively high value ͑q = 0.6͒, corresponding to a solid state. It decreases dramatically under shear and eventually fluctuates between 0 and 0.4 with a periodicity of mica ditrigonal cavities. Unlike the shear melting and recrystallization during the stick-slip for simple liquid, 41 the bilayer ice has been "fluidized" into a highly viscous liquid film under shear. This can be further demonstrated by looking at the water O density distribution under shear, as shown in Fig. 6 , in which the fluidic structure of the bilayer film is obvious. We see that there is also a significant dilatancy ͑⌬D = 0.3 Å͒ induced by shear. We attribute this directly to the frustration of hydrogen bonding network formed between hydration water molecules and between hydration water and mica surface O atoms in the static state.
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The fluidic response of D = 0.92-2.44 nm hydration layers and highly viscous shear response of D = 0.61 nm bilayer ice ͑though the shear viscosity for bilayer ice can be several orders of magnitude higher than for bulk water, see below͒ are remarkably different from the behavior of nonassociated organic films, in which according to both experiments 14, 16, 22, 42 and simulations 41, 43 stick-slip phenomena dominate the shear response: when confined to films thinner than about five to eight molecular layers, the film undergoes shear melting during slip and refreezing during stick. Figure 7 shows the variations of the shear viscosity versus shear rate for the four hydration layers ͑D = 0.61-2.44 nm͒. For the bilayer ice substantial shear thinning occurs over the whole range of shear rate in MD regime. At the shear rate of ϳ10 8 s −1 , the shear viscosity of bilayer ice is already three orders of magnitude larger than the bulk value of water. Further explanation on the origin of this drastic shear-thinning behavior of confined bilayer ice relies on the exploration of the rotational and diffusional dynamics of water molecules in the static state. 24 It is well known that confined liquids have a spectrum of relaxation times, whereas the transition to non-Newtonian fluids depends on the longest relaxation time. 44 Water molecules are very small polar molecules whose dynamics is dominated by their rotation and diffusion. For this reason, we first studied the reorientational autocorrelation functions for different unit vectors in the water molecule reference frame and found that the longest correlation time ͑or equivalently the rotational relaxation time͒ is associated with the water dipole . ͓Here ͑t͒ = · s͑t͒, where s͑t͒ is the unit vector along the water dipole.͔ To illustrate this point, Fig. 8 shows for D = 0.92 nm the variations of three rotational autocorrelation functions of water molecules versus time. These three functions describe the decay of reorientational correlation of water molecules along the three frame axes: the dipole ͑OE͒, the vector HH, and the vector OHH that is perpendicular to the plane of water molecules. Obviously, the slowest decay of the correlation function corresponds to the decay of dipole-dipole correlations. The rotational correlation function of , defined as the first rank Legendre polynomial in NMR experiment, 45 is given by
C. Shear viscosity and internal dynamics of hydration water
where ͑t͒ is the angle between water dipole at time t 0 and at time t 0 + t. The average is over the total water molecules under confinement. This correlation function P 1 ͑t͒ can be well fitted by the Kohlrausch-Williams-Watts ͑KWW͒ stretched exponential function
whose time integral is analytic. Thus, the rotational correlation time or relaxation time of water dipole is given by
where ⌫ is the gamma function. Following the same procedure the other two rotational correlation times can be calculated. These three relaxation times for D = 0.92 nm hydration film are listed in Table I . We 
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Shear dynamics of hydration layers J. Chem. Phys. 125, 104701 ͑2006͒ see that the rotational relaxation time along the water dipole is roughly 20 times longer than those along the other two axes. The inverse of this relaxation time corresponds to the transition shear rate beyond which the fluid will be non-Newtonian. 24 We have further calculated the rotational relaxation time of water molecules in the bilayer ice ͑D = 0.61 nm͒. Figure 9 shows that the rotational relaxation time of water molecules in this bilayer ice has a vanishingly decay compared with other liquid hydration layers. Fitting this curve by KWW function, we obtained a tremendously large ͓as shown in Fig. 9͑b͒ in a linear scale͔. Table II summarizes the fitted parameters and relaxation times for the four hydration layers. The very long rotational relaxation time ͑ ϳ 0.017 ms͒ for bilayer ice is only an approximate estimation due to the limited computing time in MD simulation. Linearly extrapolating the shear rate in Fig. 7 to the inverse of this longest relaxation time, 1 / , we find that the shear viscosity of D = 0.61 nm bilayer ice is at least 10 6 times larger than the bulk value of water. This dramatic increase in shear viscosity for one to two water layers has been observed recently, but with less extent.
3,15 Figure 10 shows the mean-square displacement ͑MSD͒ of water molecules in the lateral ͑x-y͒ direction for the bilayer ice ͑D = 0.61 nm͒ and other three fluidic hydration layers ͑D = 0.92-2.44 nm͒. Again, the water molecules in bilayer ice present extremely small free diffusion. We have found that the diffusion constant in this case is at least four orders of magnitude less than the bulk water value.
2 Other three fluidic water layers have comparably larger MSDs. Similar to the monolayer ice confined between two hydrophobic surfaces, 48 visualization shows that the water molecules in solid phase essentially fluctuate around fixed positions. Though not probing in depth, we believe that some infrequent cooperative jumps 48 must happen to promote molecular diffusion in the bilayer ice. The diffusion times of water in different hydration layers, which is defined as the time for water molecules to diffuse, ca., 3 Å, are also listed in Table II . For the bilayer ice, this diffusion time is only an estimate ͑ϳ0.1 s͒, which is about two orders of magnitude less than the corresponding rotational relaxation time ͑see Table II͒ .
D. Boundary slip
The boundary slip at solid-liquid interface is a fundamental issue and becomes more important for the flows at small scales or in confined geometry. 49, 50 Currently, many experimental studies concentrate on the measurement of slip length b, the degree of slip defined as the distance behind the interface at which the liquid velocity extrapolates to zero. 51 This is usually done either by measuring the dynamic drainage force during the two surfaces approaching each other 49, 52, 53 or by directly measuring the flow profile near the interface. 54 However, contradictory findings for a variety of systems sustained for a long time, leading to an active debate in this area. The direct flow profile method 54 basically concerns very thick liquid film that is thick enough to prevent any confinement effect. Very large boundary slips ͑b Ͼ 100 nm͒ were found even for totally wetting configurations. This large slip, however, does not agree with other experimental results in which the no-slip boundary condition has been found in wetting or partially wetting situations. 53 The shear rate-dependent slip, either in wetting 49, 50 or nonwetting 52 situation, is another issue among these experimental debates. It has been argued that the boundary slip b in nonwetting situation should be an intrinsic value, instead of a rate-dependent one. 53 A comprehensive discussion on the current debates in this topic has been given recently. 55 In our present study, we focus on the boundary slip in a very specific wetting situation. In particular, we investigate the velocity profile of water molecules and the mobility of K + ions in the nanoconfined geometry between two hydrophilic mica surfaces. Figure 11 shows the velocity profiles of water molecules in different hydration layers at a driving velocity of v = 200 m / s. The corresponding shear rates for D = 1.65 and 2.44 nm films are close to the Newtonian regime ͑see Fig. 7͒ . For these two films the velocity profile becomes curved near mica walls. We find ͉v x ͉ / v = 1.0± 0.04 over a distance of 4.0 Å away from the mica surface. This distance corresponds approximately to the adsorbed and the first hydration layers, indicating that the combined "stern" layer 7 is strongly bound or locked to the mica surfaces at such high shear rate. Similar locking has been observed in earlier MD simulations for simple Lennard-Jones fluid with strong wall-fluid interactions. 56 This phenomenon indicates that the micawater interactions are stronger than the water-water interactions. The deviation of the velocity profile from the linear Navier-Stokes predictions for D = 1.65 and 2.44 nm films implies that the actual shear rate is higher than the apparent shear rate. Thus a comparably lower shear viscosity will be predicted.
In Fig. 11 , the velocity profiles for D = 0.61 and 0.92 nm hydration films present quite different shape. The velocity profile for D = 0.92 nm becomes linear and the highest value near the moving mica wall is still quite close to 200 m / s. However, the velocity profile for D = 0.61 nm exhibits a somewhat erratic profile due to the difficulty of bin method for this extremely small gap. A more effective approach to study the water slip at mica-water interface would be to investigate the mobility of K + ions attached to the moving mica surface, as will be discussed below. The changes in velocity profiles for D = 0.61 and 0.92 nm films are clearly associated with the overlap of stern layers near the two mica surfaces. Figure 12 shows the boundary sliding distance of K seen in Fig. 12 . This boundary slip of K + ion does indicate that there is a water slip at this very high sliding velocity. We estimate the slip velocities of K + ions relative to the upper mica surface as v s = 12.5 and 38.6 m / s, respectively, for D = 0.92 and 0.61 nm films.
To see if the boundary slip is shear rate dependent at such high sliding velocities, we further investigate the case of driving velocity v = 1 m / s. The velocity profile of water molecules in this case is not shown due to the low signal-tonoise ratio. It should be noted that at this driving velocity the hydration layers of D = 0.92-2.44 nm are of Newtonian fluid 24 ͑see Fig. 7͒ . Figure 13 12 in which the plane of slip was found at mica-liquid interface ͑i.e., the slip length b = 0, no slip͒. Our findings also support recent experimental results 53 that water confined between hydrophilic surfaces does not have boundary slip under a few nanometer confinement.
The no-slip boundary condition of K + ions observed in our present study for hydration layers D = 0.92 nm and above also illustrates the immobility of tightly bound ions on negatively charged mica surfaces. This property, together with significant diffusion of water molecules in these hydration layers ͑see Table II͒, indicates that these hydration layers are still highly efficient lubricant under extreme confinement.
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This corollary may not apply to solidlike bilayer ice under further confinement.
IV. SUMMARY AND CONCLUSIONS
Our thorough and complete MD simulations revealed many interesting phenomena related to the structure, shear dynamics, rotational and diffusional properties of water molecules, and boundary slip of hydrated ions and water in hydration layers confined between mica surfaces. For the thick hydration layer D = 2.44 nm, the water O density distribution compares remarkably well with the x-ray reflectivity experimental result. 37 However, it should be kept in mind that the x-ray measurement was conducted for one single mica surface immersed in purified water. It was believed that most of K + ions had been replaced by H 3 O + ions. Direct comparison between the results from MD simulation and x-ray experiment where mica sheets are immersed in dense electrolytes is still under investigation.
Mechanical shear responses of hydration layers in the range of D = 0.92-2.44 nm present remarkable similarity to those measured in SFB measurements, 1 suggesting that these hydration films are very fluidic. However, for the bilayer ice ͑D = 0.61 nm͒, 2 significant shear enhancement was observed, which is consistent with the result in a quite recent study by shear resonance instrument.
3 Unlike the stick-slip dynamics for simple liquids, this shear enhancement is highly viscous, which can be further seen from the variation of structure factor under shear. For D = 0.92-2.44 nm hydration films, structure factors are usually below 0.2, and their variations follow the periodicity of mica ditrigonal cavities.
As an extension to the previous work, 24 we have further calculated the shear viscosity of bilayer ice over a wide range of shear rate in MD regime. The shear thinning observed in the whole MD regime is due to the extremely long rotational relaxation time ͑ϳ0.017 ms͒ of water molecules. We estimate the effective shear viscosity at Newtonian plateau to be at least 10 6 times of the bulk value, about two orders of 3 This inconsistency may come from the insufficient MD runs due to the computing time limits and may also come from the simple linear extrapolation, which does not take into account the nonlinear behavior of shear thinning at very low shear rates. Fluidization and shear dilatancy are also observed when the bilayer ice is under shear. Compared with the rotational relaxation time, the time of water molecules to diffuse ca. 3 Å is about 100 times faster. We believe that some cooperative motions of water molecules are associated with this diffusion in the solidlike ice state.
For the fluidic hydration layers D = 0.92-2.44 nm, no boundary slip is observed for the K + ions near mica surfaces at a sliding velocity of v = 1 m / s. This sliding velocity is still many orders of magnitude higher than those in SFA/B experiments. Water velocity profile at v = 200 m / s also indicates that there is no slip in the stern layer for comparably thick hydration layers. We conclude that in real experimental situations, hydrated ions will be strongly bound to mica surfaces under shear. In general, the fast diffusion property of bound water molecules will render the high salt aqueous solution nanoconfined between charged mica surfaces a highly efficient lubricant.
